We report a combined thermodynamic and structural characterization of a DNA tetraplex. Using spectroscopic and calorimetric techniques, we demonstrate that d(TG3T) and d(TG3T2G3T), in the presence of K+, form stable tetramolecular complexes. From differential anning calorimetry measurements, we obtain the following thermodynamic profiles for formation of each tetraplex at 25C: AG' = -6.9 kcal/mol oftetraplex (or -2.3 kcal/mol of tetrad; 1 cal = 4.184 X), AH0 = -62.6 kcal/mol of tetraplex (or -20.9 kcal/mol of tetrad), andl S°= -186.9 cal'K-1mol' of tetraplex (or -62.3 cal'K'1 mol'1 of tetrad) for the d(TG3T) tetraplex; and AG0 = -20.2 kcal/mol of tetraplex (or -3.4 kcal/mol of tetrad), AH0 = -123.2 kcal/mol of tetraplex (or -20.5 kcal/mol of tetrad), and ASo = -346.0 calK'1mol-1 of tetraplex (or -57.7 cal K'1 mol'1 of tetrad) for the d(TG3T2G3T) tetraplex. These data demonstrate that at 25'C a G-tetrad can exhibit considerable stability, comparable to or even exceeding that of most Watson-Crick nearest-neighbor interactions, with this stability resulting from a very favorable enthalpy of formation. Temperature-dependent CD measurements reveal that the melting temperatures of both tetraplexes exhibit unusually low salt dependences. This unexpected behavior may reflect a diminished charge density due to bound K+ ions. For each complex, the Na+ and K+ forms exhibit drastically different isothermal and temperature-dependent CD profiles, with the K+ forms of each tetraplex melting more sharply and at a higher temperature than the Na+ forms. Using one-and two-dimensional NMR techniques, we show that the strands in the tetramolecular complex of d(TG3T),K+ are all parallel and that the guanine glycosidic conformations are all and.
A class of DNA, which has been called G-DNA (1) , contains four guanine residues aligned with each other in a cyclic fashion to form a tetrad array of hydrogen-bonded guanines. This intriguing structural motif was proposed some time ago based on fiber diffraction studies (2) (3) (4) and only recently has been rediscovered. This rekindled interest has been fueled, in part, by the recognition that telomeres, the 3' single-stranded guanine-rich overhangs found at the termini ofchromosomes, (5) (6) (7) (8) may form G-DNA type structures of potential biological significance (1, (9) (10) (11) (12) (13) (14) . In addition to their presence in telomeres, where they may play a role in maintaining the stability and integrity of chromosomes (8) , guanine-rich regions also are found within recombination and mutation hot spots (15) (16) (17) (18) (19) and in gene regulatory regions (20) (21) (22) (23) (24) .
Guanine-rich regions can form G-tetrad-containing structures monomolecularly via intramolecular folding (11, 13, 14, 25) , bimolecularly by association of two hairpins (11, 12, 25, 26) , or tetramolecularly by alignment of four separate strands (10, (27) (28) (29) (30) (31) (32) (33) (34) (35) . An examination of the literature reveals examples of tetrad-containing structures from each of these three classes, including, in some cases, superstructures formed by their aggregation (31, 33 ). An intriguing feature of the theoretical and experimental research to date on G-DNA is the diversity of the structural characteristics proposed for this class of DNA. In some G-DNA structures, the strands are all parallel, while in others some strands are antiparallel. Similarly, in some of these structures the guanine glycosidic conformation within a strand alternates between syn and anti, while in others it is all anti. As yet, no simple correlation has emerged among molecularity, strand polarity, and guanine glycosidic conformation, either within the tetrad or along the strand. However, as more G-DNA structures are studied, such correlations may be found. Overall, the existing body of data on G-DNA structures reveals that the G-tetrad repeating motif tolerates a surprisingly broad range of structural features.
The rapidly emerging recognition and characterization of G-DNA structural diversity are providing an expanded framework for rationalizing proposed structure-function relationships of biological events thought to involve this class of DNA structures. Unfortunately, thermodynamic characterizations have not kept pace with these structural discoveries. Such data are required to define the nature ofthe forces that stabilize G-DNA structures and to assess the stabilities of these structures, as a function of solution conditions, relative to each other and relative to alternative DNA forms.
In this paper, we use spectroscopic and calorimetric techniques to demonstrate that the K+ forms ofboth d(TG3T) and d(TG3T2G3T), henceforth d(TG3T)2, self-associate into tetramolecular complexes that exhibit a melting temperature (Tm) with unusually low salt dependence, and a CD signature quite distinct from the complexes formed in the presence of Na+. From the calorimetric data, we thermodynamically characterize the formation of the K+ forms of these two tetraplexes. We also use one-and two-dimensional NMR to define significant features of the d(TG3T),K+ tetraplex structure. The oligonucleotides studied were synthesized by an H-phosphonate method on scales of 30-35 gmol, as reported in detail elsewhere (36) . The methods used for measurement and data analysis (37) (38) (39) (40) (37) (38) (39) (40) .
is displayed in plots of the reciprocal of Tm vs. the natural logarithm of the strand concentration. For the two complexes studied here, we find such plots to be linear (data not shown), as is expected.
d(TG3T),K+ and d(TG3T)2,K+ Form Tetramolecular Complexes. This laboratory has shown (28, 40) that the slope of a plot of 1/Tm vs. ln CT is equal to R(n -1)/AH'VH, and the intercept is equal to [AS0VH -(n -1)R ln 2 + R ln n]/AH ¶vH, where n corresponds to molecularity of the complex (the number of strands that associate), R is the gas constant, AH'VH and AS0VH correspond to the van't Hoff enthalpy and entropy of melting, respectively, and CT is the total strand concentration. This analysis employs a two-state approximation and assumes that pCp (change in heat capacity at constant pressure) is negligible. Traditionally, one analyzes such plots to calculate van't Hoff transition enthalpies and entropies from the slope and intercept, respectively (40) . However, one also can use such data to calculate the molecularity (n) ofa complex if one has an independent measure of the transition enthalpy (28) . Differential scanning calorimetry provides such a measure of the transition enthalpy per strand (AH0Cal) from the area under the experimental heat capacity vs. temperature curve (Fig. 3) . As previously described in detail (28), AH0VH can be set equal to nAHcw.
Using this approach, we calculate for both complexes similar average molecularities (n) of 3.7 and 3.5 for d(TG3T),K+ and d(TG3T)2,K+, respectively. These results are consistent with both molecules forming complexes via association of four strands. These tetramolecular complexes probably are stabilized by the formation of G-tetrad arrays between the G3 tracts of each strand. The fact that the n values we calculate are somewhat <4 is consistent with our previous results (28) and may simply reflect the presence of a small amount of a second form (which we detect by NMR) of lower molecularity or a small systematic bias in the concentrationdependent analysis (e.g., the approach of polymer melting behavior for such aggregates). The important observation, however, is that both molecules studied here form potassium complexes that exhibit average molecularities close to 4.
The Tetraplexes Formed by d(TG3T),K+ and d(TG3T)2,K+ Are Very Stable Due to Favorable Enthalpies of Formation.
Complete thermodynamic profiles for the melting of the two tetraplexes were obtained by analyzing the experimental heat capacity vs. temperature profile for each complex (Fig. 3) . The resulting data are listed in Table 1 (28) . Lu et al. (31) also propose that the 32-mer sequence d(T4G4)4 forms a structure in which the guanine-rich region in the repeat contains only two rather than four G-tetrads and exhibits an enthalpy of formation of -208 kcal/mol of tetraplex, or -26 kcal/mol of tetrad. Thus these calorimetric results suggest an enthalpy of formation of about -21 to -26 kcal/mol for a single G-tetrad. This value qualitatively appears to be independent of whether the tetrad is stacked on one or more adjacent G-tetrads and/or the sequence context in which the tetrad is nested. Further, it is worth noting that the results of a Raman and differential scanning calorimetry study of the aggregates formed by r(GpG) (46) , if viewed on a per tetrad basis, also are consistent with the thermodynamic parameters reported here. This latter consistency suggests that ribo-and deoxyribonucleotide tetrads may be thermodynamically similar. Clearly, additional studies are required to assess further the generality of these observations.
To interpret our thermodynamic data in terms of molecular interactions, a structural picture of the tetramolecular complexes is required. To this end, we have conducted a 1H NMR study on the d(TG3T),K+ complex. Our results are described below. Data were obtained as described (40) by analysis of the differential scanning calorimetry profiles shown in Fig. 3 . These resonances are well-resolved, with only small amounts of a minor form present. Each of the guanine N1 and thymine N3 protons is visible in this range as is, surprisingly, one proton from each of the G2 and G3 amino groups. This latter observation is unusual for guanine amino groups in DNA, which normally appear as a single broad resonance due to rapid rotation around the C-N bond (47) . The other G2 and G3 amino group protons appear up-field near 6 ppm. The assignment of all of these resonances is based on unambiguous identification of the G2H8 resonance by reference to the
deoxyguanosine was incorporated at position 2 (36) . Given this assignment, the remaining four resonances were assigned from the intrastrand two-dimensional nuclear Overhauser effect connectivities of the base protons (Fig. 4D) . The same assignments were obtained from the more traditional use of the connectivities between the base and sugar Hi' protons, determined in 2H20. The exchangeable resonances were assigned from the connectivities observed between the T1 and T5 methyl protons and, respectively, the G2 and G4 N1 protons and between the T1 methyl and the G2 amino protons (Fig. 4A) . The Four Strands in the Tetramolecular Complex of d(TG3T),K+ Are Parallel. In the guanine tetrad, the H8 of each guanine residue is reasonably close to both the 2-amino protons and to the N1 proton of the guanine H-bonded to its N7 and 06 atoms. This proximity may yield interstrand nuclear Overhauser effects from which the polarity of the tetraplex could be determined. To be specific, antiparallel alignment should give cross peaks between the G2 and G4 residues, whereas a parallel alignment should give G2/G2 and G4/G4 cross peaks, but no G2/G4 cross peaks. Fig. 4C shows cross peaks between G2H8 and the G2 amino group and between G3H8 and the G3 amino group. By contrast, we find no cross peak for the G4H8 and the G2 amino group. Further, we find cross peaks between G2H8 and the G2N1 proton, between G3H8 and the G3N1 proton, and between G4H8 and the G4N1 proton (Fig. 4B) . Again, however, we observe no cross peaks corresponding to G2/G4 nuclear Overhauser effects. Given the symmetry of this complex, as evidenced by the simplicity of these 1H NMR spectra, the cross peaks observed in these experiments define a parallel alignment of the four d(TG3T) strands.
All the Guanine Glycosidic (11, 14, 27, 48, 49) . NMR studies on other oligomeric tetraplexes find alternating syn/anti guanine conformations within each strand (25, 30, 32) , unlike the all anti pattern that we observe here. One of these studies (25) molecularly via intramolecular folding, bimolecularly by association of two hairpins, or tetramolecularly by alignment of four separate strands. Although the data are far from complete, an examination of the information listed in Table 2 reveals several interesting patterns. When G-tetradcontaining complexes form tetramolecularly with parallel strands, all the glycosidic conformations around the tetrad and along the strand are anti. The two tetramolecular complexes for which the strand polarity is unknown exhibit alternating syn/anti glycosidic conformations along the strands, with the pattern around the tetrad being undefined. For G-tetrad-containing complexes formed bimolecularly or monomolecularly different patterns are observed. When the strands are antiparallel, all glycosidic conformations alternate between syn and anti. When the strands alternate between parallel and antiparallel, the glycosidic conformations alternate syn/anti along the strand and form a syn/syn/ anti/anti pattern around the tetrad. However, due to the sparcity of available data (see Table 2 ), it is not yet possible to establish more general correlations among molecularity, strand polarity, and glycosidic conformation.
The structural diversity of G-tetrad-containing molecules noted above should be contrasted with the thermodynamic similarity we report here for G-tetrads nested in significantly different molecules. While the tetraplexes exhibit very different melting thermodynamics, we observe thermodynamic similarity when the data are expressed on a per tetrad basis. This observation suggests that the thermodynamic properties of tetraplexes are dominated by the contribution of the G-tetrad repeating unit, with other structural features (linker sequences, molecularity, etc.) appearing to contribute only second-order effects. Clearly additional parallel thermodynamic and structural studies on a broader range oftetraplexes are required to assess this possibility.
